Oxidative stress is purported to be involved in the pathogenesis of obesity-associated insulin resistance. We evaluated whether alterations in levels of circulating uric acid (UA), a systemic antioxidant, affects the following: 1) systemic (plasma and saliva) nonenzymatic antioxidant capacity (NEAC); 2) markers of systemic (urinary 8-iso-prostaglandin-F 2a ) and muscle (carbonylated protein content) oxidative stress; and 3) whole-body insulin sensitivity (percentage increase in glucose uptake during a hyperinsulinemic-euglycemic clamp procedure). Thirty-one obese subjects (BMI 37.1 6 0.7 kg/m 2 ) with either high serum UA (HUA; 7.1 6 0.4 mg/dL; n = 15) or normal serum UA (NUA; 4.5 6 0.2 mg/dL; n = 16) levels were studied; 13 subjects with HUA levels were studied again after reduction of serum UA levels to 0 by infusing a recombinant urate oxidase. HUA subjects had 20-90% greater NEAC, but lower insulin sensitivity (40%) and levels of markers of oxidative stress (30%) than subjects in the NUA group (all P < 0.05). Acute UA reduction caused a 45-95% decrease in NEAC and a 25-40% increase in levels of systemic and muscle markers of oxidative stress (all P < 0.05), but did not affect insulin sensitivity (from 168 6 25% to 156 6 17%, P = NS). These results demonstrate that circulating UA is a major antioxidant and might help protect against free-radical oxidative damage.
Oxidative stress is purported to be involved in the pathogenesis of obesity-associated insulin resistance. We evaluated whether alterations in levels of circulating uric acid (UA), a systemic antioxidant, affects the following: 1) systemic (plasma and saliva) nonenzymatic antioxidant capacity (NEAC); 2) markers of systemic (urinary 8-iso-prostaglandin-F 2a ) and muscle (carbonylated protein content) oxidative stress; and 3) whole-body insulin sensitivity (percentage increase in glucose uptake during a hyperinsulinemic-euglycemic clamp procedure). Thirty-one obese subjects (BMI 37.1 6 0.7 kg/m 2 ) with either high serum UA (HUA; 7.1 6 0.4 mg/dL; n = 15) or normal serum UA (NUA; 4.5 6 0.2 mg/dL; n = 16) levels were studied; 13 subjects with HUA levels were studied again after reduction of serum UA levels to 0 by infusing a recombinant urate oxidase. HUA subjects had 20-90% greater NEAC, but lower insulin sensitivity (40%) and levels of markers of oxidative stress (30%) than subjects in the NUA group (all P < 0.05). Acute UA reduction caused a 45-95% decrease in NEAC and a 25-40% increase in levels of systemic and muscle markers of oxidative stress (all P < 0.05), but did not affect insulin sensitivity (from 168 6 25% to 156 6 17%, P = NS). These results demonstrate that circulating UA is a major antioxidant and might help protect against free-radical oxidative damage.
However, oxidative stress is not a major determinant of insulin action in vivo. Obesity is associated with an increase in oxidative stress, which is defined as an increased load of free radicals composed of reactive oxygen and nitrogen species generated during cellular metabolism (1). These free radicals are chemically reactive molecules that can damage cell proteins, membranes, and DNA. The increase in oxidative stress is purported to be involved in the pathogenesis of insulin resistance and type 2 diabetes associated with obesity (2) (3) (4) . Data from studies conducted in cell culture systems have shown that products of oxidative stress impair insulin-mediated translocation of GLUT4 in myotubes and adipocytes (2, 3) , and suppress gene transcription of insulin in b-cells (5) and adiponectin in adipocytes (4) .
Uric acid (UA) is a powerful scavenger of free radicals and provides ;60% of free-radical scavenging capacity in plasma (6) . Although the antioxidant effect of UA suggests that it might have therapeutic effects, high serum UA concentration is associated with obesity and insulin resistance (7, 8) , and hyperuricemia has even been proposed as a component of the metabolic syndrome (9). However, it is possible that this increase in circulating levels of UA represents an adaptive response to protect against the detrimental effects of excessive free radicals and oxidative stress (6) .
The purpose of the current study was to test the hypothesis that increased levels of plasma UA is an adaptive response to insulin resistance, because of its therapeutic antioxidant effects. Therefore, a decrease in serum UA level will decrease nonenzymatic antioxidant capacity (NEAC), increase the levels of markers of oxidative stress, and decrease insulin sensitivity in obese people. Accordingly, we evaluated insulin sensitivity by using the hyperinsulinemic clamp procedure, antioxidant capacity in plasma and saliva by using the total radical-trapping antioxidant potential (TRAP) and ferric-reducing antioxidant potential (FRAP) assays, and oxidative stress by measuring urinary products of membrane phospholipids peroxidation and skeletal muscle protein carbonylation in obese men and women who have normal and high serum UA concentrations and in the subjects with high serum UA levels before and after acute pharmacological reduction in serum UA levels.
RESEARCH DESIGN AND METHODS

Subjects
A total of 31 obese adults (22 women, 9 men; age 47 6 2 years; BMI 37.1 6 0.7 kg/m 2 ), 16 of whom had normal (,5 mg/dL; n = 16) and high (.6 mg/dL; n = 15) serum UA concentrations, participated in this study. Subjects who were receiving treatment with medications that could affect our outcome measures, or had a history of xanthinuria, had glucose-6-phosphate dehydrogenase deficiency, were pregnant or lactating, or had diabetes or other significant diseases, were excluded from the study. Subjects gave written informed consent before participating in this study, which was approved by the Institutional Review Board of Washington University School of Medicine.
Body Composition
Body fat mass and fat-free mass were determined by using dual-energy X-ray absorptiometry. Intra-abdominal visceral adipose tissue volume was quantified by magnetic resonance imaging.
Metabolic Studies
Subjects were admitted to the Clinical Research Unit the evening before the metabolic study and were given a standard meal at 1900 h. Subjects then fasted, except for water, until completion of the study the next day. Urine was collected for the 12 h overnight period to measure urinary isoprostane levels. At 0600 h, catheters were inserted into an antecubital vein of one arm for isotope infusion, and a second intravenous catheter was inserted into a hand vein, which was heated to obtain arterialized blood samples (10 H 2 ]glucose. Blood and saliva samples were obtained before beginning the isotope infusion to determine NEAC and background substrate tracer-to-tracee ratios. Blood samples were obtained every 10 min during the last 30 min of the basal period, and insulin infusion was performed to determine glucose kinetics and plasma insulin concentrations. Muscle samples were obtained from the quadriceps femoris muscle 60 min after starting the glucose tracer infusion, as described previously (11) .
Thirteen subjects in the high-UA group were readmitted to the Clinical Research Unit 2-21 days after completing the first metabolic study. At 1800 h, rasburicase (Elitek; Sanofi-Synthelabo, Inc.) (0.19 mg/kg fat-free mass) was infused over 30 min. Rasburicase is a recombinant urate oxidase that reduces UA by ;90% within 4 h after infusion (12) . At 1900 h, a standard meal was served, and the subjects completed the same metabolic study that had been performed previously, but muscle biopsy samples were obtained in only seven subjects.
Sample Analyses
Serum UA concentrations were determined by using a uricase-colorimetric method (Roche Diagnostic Corporation, Indianapolis, IN). Plasma insulin concentration was measured by using a chemiluminescent immunoassay (Immulite 1000; Diagnostic Products Corporation, Los Angeles, CA). Plasma glucose tracer-to-tracee ratio was determined by using gas chromatography-mass spectrometry (13) . Antioxidant capacity in plasma and saliva was determined by using the TRAP assay (based on the ability of plasma/saliva to prevent the decay of R-phycoerythrin induced by peroxyl radicals) and the FRAP assay (based on the ability of plasma/saliva to reduce ferric-tripyridyltriazine to its ferrous colored form) (14) .
Urinary 8-iso-prostaglandin F 2a (8-iso-PGF 2a ), a product of nonenzymatic peroxidation of arachidonic acid in membrane phospholipids, was measured by using mass spectrometry (15) . The ratio of total carbonylated proteins to the loading control protein Ran in skeletal muscle provides an assessment of nonreversible modification of amino acid side chains by lipid peroxidation end products (16) and is a marker of intramuscular oxidative stress. Lysates were prepared and treated with hydrazide-activated biotin (Pierce, Rockford, IL) to label reactive carbonyl residues. Samples were separated by SDS-PAGE (Invitrogen, Carlsbad, CA), electroblotted to polyvinylidene fluoride (Millipore, Billerica, MA), and membranes developed with either IRDye-labeled streptavidin (carbonylated proteins; LI-COR, Lincoln, NE) or with anti-Ran antibody (Santa Cruz Biotechnology, Santa Cruz, CA) by using the LI-COR Odyssey detection system (16) .
Calculations
The homeostasis model assessment of insulin resistance (HOMA-IR) and substrate kinetics were calculated as previously described (11) . Whole-body (primarily skeletal muscle) insulin sensitivity was assessed as the increase in glucose R d from plasma during insulin infusion.
Statistical Analyses
The differences in markers of oxidative stress, NEAC, and insulin-stimulated glucose R d between groups at baseline were evaluated using a Student t test for unpaired samples, and differences between subjects with high serum UA concentrations before and after rasburicase treatment were evaluated using a Student t test for paired samples. When variables were not normally distributed and could not be normalized by using standard mathematical transformations, data sets were ranked for statistical analyses. Results are presented as the mean 6 SEM. A P value #0.05 was considered statistically significant. Based on our own reproducibility data of insulin sensitivity, assessed by using the hyperinsulinemic-euglycemic clamp procedure in obese people (17), we estimated that 13 subjects would be needed to detect a 20% change in insulin sensitivity, with a power of 0.9 and an a value of 0.05. This effect on insulin action is a minimal clinically relevant target, and is less than the usual improvement observed after moderate weight loss (17) .
RESULTS
Metabolic Variables
Although BMI and percentage of body fat in the high-UA group were not different than in the normal UA group, intra-abdominal adipose tissue volume was greater in the high-UA group than in the normal UA group (Table 1) . Insulin sensitivity, assessed by HOMA-IR (Table 1) and by insulin-stimulated glucose disposal (Table 1) , was greater in subjects with normal than in those with high serum UA concentrations. In the high-UA group, treatment with rasburicase caused a marked decrease in serum UA concentrations (from 7.1 6 0.5 to 0.0 6 0.0 mg/dL, P , 0.001) but did not affect HOMA-IR (from 3.7 6 0.4 to 3.6 6 0.3, P = 0.828) or insulin-stimulated glucose disposal (from 168 6 25% to 156 6 17%, P = 0.468).
Antioxidant Capacity and Oxidative Stress
Baseline plasma and saliva NEAC, assessed as TRAP and FRAP, were greater in subjects with high UA than those with normal serum UA concentrations (Table 1) . Rasburicase treatment caused a marked decrease in both plasma and saliva NEAC values (Fig. 1) . Baseline urinary 8-iso-PGF 2a levels and urinary 8-iso-PGF 2a / urinary creatinine ratio in the high-UA group were not significantly different than those in the normal UA group (Table 1) . Rasburicase treatment caused a significant (P , 0.05) increase in urinary 8-iso-PGF 2a /creatinine ratio and a trend toward an increase in urinary 8-iso-PGF 2a levels (P = 0.072) ( Fig. 2A and B) . Skeletal muscle protein carbonylation was lower in subjects who had high UA compared with those who had normal serum UA concentration (Table 1 ) and increased significantly after rasburicase infusion (Fig. 2C) .
DISCUSSION
Oxidative stress is purported to be involved in the pathogenesis of insulin resistance associated with obesity (1-3). Therefore, we hypothesized that an experimentally induced reduction in levels of serum UA, which is a major circulating antioxidant, would affect antioxidant capacity, markers of oxidative stress, and insulin sensitivity. We found that a marked decrease in serum UA levels caused a decrease in serum and saliva antioxidant capacity, assessed by TRAP and FRAP assays, and an increase in oxidative stress, assessed by measuring urinary isoprostanes and skeletal muscle protein carbonylation. However, the increase in oxidative stress did not have a significant effect on insulin sensitivity. These data demonstrate that circulating UA is a potent antioxidant, but oxidative stress is not a major cause of insulin resistance in obese people. Obesity and the metabolic syndrome are associated with elevated serum UA concentrations (7) (8) (9) . Data from a series of studies have shown a strong and independent correlation between serum UA and insulin resistance in subjects with the metabolic syndrome (8, 18) , and that serum UA concentration is a strong predictor of the future development of diabetes (19) . We also found that subjects with high serum UA concentrations were more insulin-resistant than those with normal serum UA concentrations. However, our data suggest that the association between circulating UA and insulin resistance does not represent a causal relationship, because a marked reduction in serum UA levels did not significantly affect whole-body insulin sensitivity. The reason for the increase in serum UA levels associated with obesity and metabolic dysfunction is not known, but several mechanisms could be responsible, including the following: 1) increased intake of dietary purines, alcohol, and fructose, which produce UA (20, 21) ; 2) impaired renal function and renal microvascular disease, which can increase UA production and/or decrease UA clearance (22) ; and 3) hyperinsulinemia, which increases renal UA reabsorption (23) . It is possible that an increase in UA concentration is a protective mechanism to attenuate the adverse effects of an increase in oxidative stress (1, 4, 24) . It has been hypothesized that the evolutionary loss of the uricase gene and a concomitant increase in serum UA concentrations in nonhuman and human primates provide a mechanism for increasing antioxidant capacity to compensate for the lost ability to synthesize ascorbic acid, a potent antioxidant (6, 25) . We found that our insulin-resistant subjects who had high serum UA concentrations had greater antioxidant capacity, but similar or lower markers of oxidative stress, than our obese and more insulin-sensitive subjects with normal serum UA concentrations. Moreover, the experimentally induced decrease in serum UA concentration resulted in a decrease in antioxidant capacity with a concomitant increase in markers of oxidative stress. These data suggest that high serum UA concentration prevents excessive oxidative stress in obese insulin-resistant people.
Our data shed light on whether oxidative stress is a clinically relevant cause of insulin resistance in obese people. We found that an acute increase in oxidative stress, induced by a marked reduction in circulating UA concentration, did not cause a significant change in insulin sensitivity. Although these data suggest that oxidative stress is not an important factor in the pathogenesis of insulin resistance, we cannot exclude the possibility that we were unable to detect small changes in insulin sensitivity or that a chronic reduction in UA concentration and an increase in oxidative stress might have a more profound effect on insulin action. Moreover, we cannot exclude the possibility that rasburicase might have adverse UA-independent effects on both oxidative stress and insulin sensitivity. In addition, although our data demonstrate that short-term reduction of serum UA in obese subjects with high, but normal, UA concentrations does not have a therapeutic effect on insulin action, this does not mean that pharmacological reduction of hyperuricemia does not have clinical benefits in specific patient populations (26, 27) .
The results from the current study demonstrate that UA is a major circulating antioxidant in obese people and might provide a protective mechanism to prevent systemic oxidative damage by free radicals. Although an increase in oxidative stress is associated with insulin resistance in obese people, our data suggest that oxidative stress does not have important effects on insulin action in vivo.
